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SUMMARY

Theoretically, by controlling neural membrane potential (V,,) in vivo, motion, sensation, and behavior
can be controlled. Until now, there was no available technique that can increase or decrease ion con-
centration in vivo in real time to change neural membrane potential. We introduce a method that we
coin electro-ionic modulation (EIM), wherein ionic concentration around a nerve can be controlled in
real time and in vivo. We used an interface to regulate the Ca®* ion concentration around the sciatic
nerve of a frog and thus achieved stimulation and blocking with higher resolution and lower current
compared with electrical stimulation. As EIM achieves higher controllability of V,,, it has potential
to replace conventional methods used for the treatment of neurological disorders and may bring a
new perspective to neuromodulation techniques.

INTRODUCTION

During the evolutionary process, the neuromuscular system, which functions through the V., change, is
developed to make the organisms able to sense and move (Weiss, 1996; Campbell et al., 2015; Butler
and Hodos, 2005). Therefore, in theory, if we manage to control V,, in vivo, we can control motion and
sensation (Weiss, 1996). To control V., there are four known parameters that can be regulated: pH, tem-
perature, extracellular ion concentration, and application of extrinsic current (Weiss, 1996). In literature,
techniques that change only one of these parameters were generally used (Ho et al., 2014; Harris, 2008).
Forinstance, functional electrical stimulation (FES) uses electrical stimulation method. FES has several clin-
ical applications for restoring the neurological functions in paralyzed patients such as control of upper ex-
tremity (Memberg et al., 2014; Micera et al., 2010; Hochberg et al., 2012; Bouton et al., 2016; Peckham and
Kilgore, 2013), lower extremity (Rohde et al., 2012; Triolo et al., 2012; Nataraj et al., 2012; Sadowsky et al.,
2013), respiratory muscles (Elefteriades et al., 2002; Onders et al., 2004), posture (Wu et al., 2013; Triolo
etal., 2013a,2013b), gait (Wenger et al., 2016; Mazurek et al., 2012), and prevention of pressure ulcers (Solis
etal., 2011,2012). However, because the stimulation current used in FES is too high, it may cause over-heat-
ing in tissues, leading to nerve damage (Ho et al., 2014). Also, because it cannot selectively stimulate or
block the nerves, localization of signal propagation cannot be achieved. As a result, it activates the related
sensory nerve fibers resulting in pain sensation (Peckham and Knutson, 2005). Another reason FES has a
limited use in daily life is that nerve blockage cannot be achieved in a controlled manner (Peckham and
Knutson, 2005). In addition, there are some direct clinical applications for blocking such as regaining of
bladder control in neurologically disabled patients (Boger et al., 2012).

Another major approach to change V,,, is using chemical methods to change ion concentration. Some phar-
macological agents are used for this purpose. For example opiates, such as morphine and codeine, are
commonly used in pain management (Kandel et al., 2013). However, they can lead to systemic side effects
such as nausea, constipation, urinary retention, respiratory depression, and cardiac arrest (Peckham and
Knutson, 2005; Kandel et al., 2013; Choi, 2016). These adverse effects cause patients to discontinue the
medication (Gilron et al., 2015). To establish more control over V,,, extracellular ion concentration was
changed and extrinsic current was applied, but there is no available technique that can simultaneously
combine them. Electrochemical methods (van den Brand et al., 2012), in which extrinsic current stimulates
the nerve after injecting some chemicals, are developed for controlling V... However, as they use the injec-
tion method for changing chemical concentration, they can only alter the neural membrane environment
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by ion-selective membrane (ISM) (Song et al., 2011). This study first changes the neural membrane environ-
ment and then electrically stimulates the nerve; hence it changes ion concentration and applies current
separately, which causes delay. Because of this one-minute-delay (Luan et al., 2014; Theogarajan, 2012)
this method is not suitable for use in real-life applications such as prosthesis for motion and retina (Theo-
garajan, 2012). Another method targeting to control V,, is optogenetics (Boyden et al., 2005). This
technique aims to change ion concentration around the nerve via light. To achieve this, optogenetics
genetically modifies the neurons to make them sensitive to light. However, optogenetics is not suitable
for daily-life applications and can only be used for research purposes because it genetically alters the neu-
rons for modifying ion channels. In sum, until now there has been no technique that can change V., in vivo in
real time with high control and be applicable to real life. We have developed a method, electro-ionic mod-
ulation (EIM) that achieves neuromodulation via real-time regulation of extracellular ion concentration
around the nerve in vivo and application of extrinsic current to the nerve at the same time by using an elec-
trode and an interface on it. In this work we used ISM as the interface to change ion concentration, but any
other interface can be used for the purpose of EIM such as uniform films, nanoparticles, peptides, or poly-
mers. EIM would enable better regulation of V,,, compared with the traditional approaches, which have high
potential to affect a variety of neuromodolution applications.

RESULTS

We first aimed to decrease the current needed for stimulation, and thus reduced power consumption and
prevented nerve damage with EIM by using flexible electrodes coated with ISM. The fabrication procedure
for flexible electrodes and ISM coating can be seen in the Transparent Methods section. As shown in Fig-
ure S1, we obtained the lowest threshold value with the flexible electrode compared with conventional
cable method and the planar electrode, because flexible electrode increases the contact area between
the nerve and the electrode surface. Therefore, we stimulated the nerve by using flexible electrode through
all experiments.

EIM with Ca?* lon Depletion

We coated the flexible electrode with ISM for changing ion concentration around the nerve to obtain more
excitable membrane environment. In literature, ISM is generally used in sensors to obtain selectivity (Gao
etal., 2016; Plesha et al., 2006); however, we utilized ISM to actively change the neural membrane environ-
ment. To observe the effects of ion concentrations on nerve stimulation, we made separate in vivo manual
ion injection experiments of PO,>~, Ca?*, Na*, and K™ ions in the sciatic nerve of frogs. We used PO, ion
to observe the effect of the Ca®* ion depletion. The manual ion injection procedures can be seen in the
Transparent Methods section. The threshold values before and after the ion injection are summarized in
Figure 52. We obtained the most efficient results with PO,>~. Thus, we conclude that Ca®" has a high impact
on threshold regulation for nerve stimulation; hence we focused on changing the Ca®* concentration.

The Ca®" ion is critical for stimulation because it blocks the voltage-gated Na* channels (Armstrong and
Cota, 1999). Therefore, depletion of Ca®* ions around the nerve makes the stimulation easier because
opening voltage-gated Na* channels facilitates the nerve stimulation (Kandel et al., 2013). The mechanism
for the effect of Ca" ion on nerve stimulation is shown in Figure S3. Hence, we can conclude that the stim-
ulation of nerve is easier with Ca?* ion depletion around the nerve.

Stimulation Experiments with Ca®* lon Depletion

After exploring the effectiveness of the Ca* ion, we made in vivo EIM nerve stimulation experiments using
flexible electrodes coated with ISM. In this section, we examined the nerve stimulation using EIM, which
we coined electro-ionic stimulation (EIS). We compared the results of EIS and electrical stimulation in this
section. Figure 1A (top) shows the experimental setup used for both stimulation and blocking experiments.
Figure 1A (bottom) demonstrates the folded flexible electrodes used in stimulation and blocking experi-
ments. As we applied enough force to fold our flexible electrodes, we did not use anything to hold the elec-
trodes in folded state. Once the flexible electrodes are folded, they are held in folded state for days. We
started the experiments by anesthetizing the frog. Details of anesthesia and frog preparation procedures
are given in the Transparent Methods section. Subsequently, we stimulated the sciatic nerve of the frog in vivo
with the stimulating electrode by pulsed DC signal applied from the function generator, as can be seen in
Figure 1A (top). When the sciatic nerve was stimulated, the gastrocnemius muscle contracted and we
measured the contractile force with the force transducer. Figure 1B (left) demonstrates the schematic drawing
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Figure 1. Experimental Setup and Operating Principle of Electro-ionic Modulation with Ca%* lon Depletion

(A) Photograph of the in vivo EIM stimulation and blocking experiments (top) and of the folded flexible electrodes used in in vivo EIM stimulation and
blocking experiments (bottom).

(B) Schematic drawing of the flexible stimulating electrode and the operating principle of the device (left); cross section of sciatic nerve and flexible
stimulating electrode to demonstrate the operating principle of ion-selective membrane (ISM) (right).

(C) Schematic drawing of the flexible blocking electrode and the operating principle of the device (left); cross section of sciatic nerve and flexible blocking
electrode to demonstrate the operating principle of ISM (right).

of the flexible electrode and illustrates the operating principle of the device. The electrode is polarized as
(+/-/+) configuration, and ISM is coated on the negatively polarized middle pole. The stimulating current
flows from positively polarized poles to negatively polarized pole, and the nerve is stimulated through the
negative pole. As can be observed in the cross-sectional view of the sciatic nerve and flexible stimulating elec-
trode shown in Figure 1B (right), the negatively polarized ISM attracts the positively charged Ca®* ions from
the nerve thereby depleting Ca?* ions around the nerve. As a result, we obtained a more excitable membrane
environment and increased the V,, and hence decreased the threshold for stimulation.

In our experiments, we applied an input pulse from the function generator and measured the output force
using the force transducer. We first stimulated the sciatic nerve with bare side of the electrode and re-
corded the stimulation threshold. Then we put the nerve onto the ISM-coated side of the electrode and
recorded the threshold for a comparative analysis. We accepted the recorded voltage as the threshold
value, when at least 80% of the applied pulses induce muscle contraction. The results of stimulation exper-
iments are summarized in Figure 2. As can be seen in Figure 2A, the stimulation threshold decreases from
84 to 68 mV on the ISM-coated electrode. We got an average decrease of 22% in the threshold for three
experiments. In our experiments, we obtained stimulation threshold ranging from 68 to 90 mV using ISM
and obtained 39% energy saving; however, in the literature, 10% energy saving was achieved by optimizing
the electrical stimulator circuit in rat’s sciatic nerve (Foutz et al., 2012).

For validation of the working principle, we prepared a control experiment to prove that the decrement in
the threshold is due to Ca?* ion depletion around the nerve. For this experiment, we used polyvinyl chloride
(PVC) membrane, which has the same content as ISM except for the Ca®* ionophore, which is the part
responsible for Ca®* ion depletion (Wang et al., 2001; Kang and Hilgemann, 2004). When we compare
the results given in Figure 2B, the threshold values in the bare electrode and the PVC-coated electrode
are very similar, whereas there is a significant decrease with ISM-coated electrode. Hence we conclude
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Figure 2. Results of Stimulation Experiments with Ca?* lon Depletion

(A) Stimulation experiment results for bare electrode and ISM-coated electrode. The stimulation threshold decreases
from 84 to 68 mV on the ISM-coated electrode.

(B) Comparison of stimulation threshold values for bare electrode, PVC-coated electrode, and ISM-coated electrode (n = 3).
The values are normalized with respect to bare electrode. The threshold values for the bare electrode and the PVC-coated
electrode are very similar, whereas there is 22% decrement with ISM-coated electrode. Vg = 10 mV— 110 mV in 2-mV step
(stimulus), t, = 1 ms (pulse width), f =1 Hz (pulse frequency), n.s., not significant, ***p < 0.001, error bars represent 2 SD.
(C) Contractile force (mN) obtained for varying stimulus pulse amplitude (mV) for the bare electrode (left) and ISM-coated
electrode (right). Higher dynamic range (higher maximum contractile force) is attained with ISM-coated electrode.

(D) Average and standard deviation of contractile force (mN) measured for varying stimulus pulse amplitude (mV) for the
bare electrode and ISM-coated electrode obtained from the results in (C). Better resolution is acquired with ISM-coated
electrode.

(E) Average and standard deviation of contractile force twitch width (ms) measured for varying stimulus pulse amplitude
(mV) for bare electrode and ISM-coated electrode obtained from the results in (C). First large and then small axons are
stimulated with ISM-coated electrode.

that the reduction in the stimulation threshold using ISM-coated electrode originates from the Ca®* ion
depletion around the nerve.

We performed control experiments for Ca?* ion modulation using ISM in Figure S4. First, we performed Ca®*
imaging experiments as additional control experiments to prove Ca®* ion attraction via ISM. The schematic
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diagram of our experimental setup is given in Figure S4A. Using our planar electrodes coated with ISM, we
applied 10 pA current for 65 s. The negatively charged ISM attracts positively charged Ca®* ions. As a result,
Ca”" ions bind with Fluo-4 AM dye and Fluo-4 AM emission is increased as depicted in Figure S4B. The
Fluo-4 AM fluorescence intensity is also increased as demonstrated in Figure S4D (left). We also calculated
the Ca®* ion concentration increase using the measured fluorescence intensity. The Ca®* ion concentration
after 10 pA current application for 5 s was 73.65 nM; however, Ca%* ion concentration after 10 WA current
application for 65 s was 715 nM. This experiment proves that we attracted Ca®* ions using ISM. The Ca®* im-
aging procedure and the details of Ca®* ion concentration calculation can be seen in Transparent Methods
section. The Ca®* ion attraction experiment results are demonstrated in Video S1. In addition to the Ca®*
imaging experiments, we performed confocal imaging experiments of the sciatic nerve of a frog to prove
the depletion of Ca®* ions from the nerve using our device. Figure S4E demonstrates the results of the
confocal imaging experiment. Figure S4E (left) exhibits the confocal imaging of the sciatic nerve before cur-
rent application. Figure S4E (right) depicts another confocal image of the sciatic nerve after 20 pA current
application for a minute. Because the negatively charged ISM attracts positively charged Ca®* ions from
the sciatic nerve after current application, we observe decrease in the fluorescence intensity of the Fluo-4
AM (Ca®* reporter dye) in the sciatic nerve in Figure S4E (right). Therefore, Ca?* ions were depleted from
the sciatic nerve. This experiment demonstrates that we depleted Ca®* ions from sciatic nerve of a frog using
ISM. The details of the confocal imaging techniques can be seen in the Transparent Methods section.

We also performed experiments to test the Ca®* ion selectivity of our device in Figure S5. We measured the
resistance of our test setup using different concentrations of Ca®* solution in Figure S5A. We obtained
lowest resistance value with highest Ca®* concentration and highest resistance value with lowest Ca* con-
centration as demonstrated in Figure S5C. These results show the Ca®* ion selectivity of our device. We also
performed additional control experiments with different concentrations of NaCl solution using the same
ISM (Figure S5B). As Ca®" ions pass much more than Na* ions through Ca%* ISM (Wang et al., 2001), we
measured much higher resistances with NaCl solutions as depicted in Figure S5C. These results validate
the Ca®* ion selectivity of our device. The details of Ca®* ion selectivity experiments can be seen in the
Transparent Methods section.

After decreasing the threshold for stimulation, we performed experiments to evaluate the control on stim-
ulation using ISM. For this purpose, we first observed the maximum magnitude of the contractile force,
which we define as dynamic range. As shown in Figure 2C, we increased the maximum contractile force
with ISM-coated electrode in addition to decreasing the threshold. The underlying mechanism of dynamic
range increase is the selective stimulation of axons. As large axons have lower resistance, they are
stimulated more easily than small axons (Kandel et al., 2013). Because we decrease the threshold, we
can stimulate both large and small axons with the ISM-coated electrode, whereas only large axons can
be stimulated in bare electrode case. As higher number of axons are stimulated using ISM, we obtain
higher contractile force and hence higher dynamic range. When dynamic range increases, stronger move-
ments can be achieved, which can be helpful to improve the performance of neuroprostheses such as the
ones used in correcting foot drop (Melo et al., 2015).

In addition to obtaining a higher dynamic range, we also achieved better resolution, which we define as the
inverse of the slope of the contractile force over the stimulus amplitude, with ISM-coated electrode. Resolu-
tion is calculated as 7.35 mV/mN for bare electrode and 17.88 mV/mN for ISM-coated electrode from the
results shown in Figure 2D. The rationale behind this increase in resolution is also related to stimulation of
first large and then small axons with the ISM-coated electrode. At 60 mV, we stimulate large axons with
ISM-coated electrode; however, no stimulation is observed in bare electrode. Around 108 mV, small axons
are stimulated by ISM-coated electrode, whereas for bare electrode, threshold is just achieved and only large
axons start to be stimulated. Besides, contractile force saturates nearly at the same stimulus for ISM-coated
electrode and bare electrode. Therefore, we stimulate axons in a wider range of stimulus with ISM and hence
acquire better resolution, which enables us to have better control over the nerve stimulation. Better resolu-
tion is important especially in terms of achieving fine motor skills, such as movement of fingers.

We can deduce that we first stimulate the large axons and then small axons with ISM-coated electrode by
exploring the relation between the input pulse and the twitch width of the gastrocnemius muscle. It is
known that the velocity of the signal propagation is proportional to the square root of the axon diameter
(Weiss, 1996). Furthermore, as signal propagation along the axon gets slower, higher twitch width is
obtained (Ridge, 1967). As can be seen in Figure 2E, when we stimulate the nerve with ISM-coated
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Figure 3. The Working Principle of Our Blocking Method
(A) When the stimulation current is applied and the blocking electrode is off, the signal propagates bidirectionally.
(B) When blocking electrode is turned on, the signal stops to propagate downward as depicted in right.

electrode, we first obtain low twitch width, which means that we first stimulate large axons. Then as we
increase the input pulse, the twitch width increases, implying that we stimulate the small axons. This
observation proves that we first stimulate large and then small axons with ISM-coated electrode.

Blocking Experiments with Ca?* lon Depletion

Following the selective stimulation with decreased stimulation threshold using ISM-coated electrode, we
worked on blocking experiments and aimed to achieve controlled blocking with EIM. Figure 3 depicts the
working principle of our blocking method. When the stimulation is applied and the blocking electrode is
off, the signal propagates bidirectionally. When we turn on the blocking electrode, the signal stops to
propagate downward. The signal cannot reach gastrocnemius muscle and contractions are terminated,
hence we manage to localize the stimulation.

We again make use of the flexible electrodes coated with ISM to control blocking of the nerves. We per-
formed blocking experiments with conventional cable method, planar electrode, and flexible electrode.
Unsurprisingly, we obtained the lowest blocking current values with flexible electrodes as a consequence
of increased contact area, as shown in Figure S6.

In addition to using flexible electrodes, we utilized ISM and depleted Ca®* ions around the nerve to facil-
itate blocking through DC current application. Pulsed DC current is applied for stimulation, whereas DC
current is applied for blocking because inactivation gate of voltage-gated Na* channels is closed with pro-
longed current application (Kandel et al., 2013). Na* channels should be in open position to go into inac-
tivation phase (Kandel et al., 2013). Moreover, Ca’* ion blocks the voltage-gated Na* channels (Armstrong
and Cota, 1999). Therefore, depletion of Ca?* ions around the nerve with DC current application makes the
blocking easier. The mechanism for the effect of Ca?* ion on nerve blocking is shown in Figure S7. Hence,
we apply DC current with Ca®* ion depletion to block the nerve more easily.

After exploring the effectiveness of the Ca®* ion depletion, we made in vivo experiments for blocking the
signal propagation along the nerve with ISM-coated flexible electrodes. The experimental setup used
for blocking is shown in Figure 1A (top). In blocking experiments, we used an additional electrode and a
second signal source for blocking when compared with the stimulation experiments. As in stimulation
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(A) Blocking experiment results for bare electrode and ISM-coated electrode. The blocking current is applied after the third stimulation pulse for four or five
pulse duration. The current needed for full blocking decreases from 9 to 5 pA using ISM-coated electrode.

(B) Comparison of blocking current values for bare electrode, PVC-coated electrode, and ISM-coated electrode (n = 3). The values are normalized with
respect to bare electrode. The currents needed to obtain full blocking are very similar for the PVC-coated and the bare electrodes, whereas there is 38%
decrease for the ISM-coated electrode. Vs = 90 mV (stimulus), I, = 1 pA — 100 pA in 1-pA step (DC blocking), t, = 1 ms (pulse width), f= 1 Hz (pulse
frequency), n.s., not significant, ***p < 0.001, error bars represent 2 SD.

(C) Average and standard deviation of contractile force (mN) measured for varying blocking current (nA) in log scale for bare electrode and ISM-coated
electrode obtained from the results in (A).

(D) Average and standard deviation of contractile force twitch width (ms) measured for varying blocking current (uA) for the bare electrode and ISM-coated
electrode obtained from the results in (A). First large and then small axons are blocked with ISM-coated electrode.

experiments, we first stimulated the sciatic nerve using stimulating electrode by applying pulsed DC cur-
rent from function generator that contracts the gastrocnemius muscle. Then, we used blocking electrode
by applying DC current with source meter. We measured the contractile force from force transducer and
monitored it from the PC together with the input signals. Figure 1C (left) illustrates the operating principle
of the flexible blocking electrode. We used (+/-/-) configuration for the blocking electrode and coated the
ISM on the negatively polarized middle pole. When we apply the DC current, as negatively charged ISM
attracts the positively charged Ca?* ions, Ca®* ion concentration around the nerve decreases as schemat-
ically shown in Figure 1C (right), which enables us to block the nerve more easily.

In blocking experiments, we first blocked the nerve with bare electrode and then repeated the same proced-
ure with the ISM-coated electrode and compared the results. We applied incrementing input currents to the
blocking electrode. We first observed partial blocking and then full blocking because the degree of the nerve
blockage depends on the magnitude of current. The experimental results can be seen in Figure 4. Figure 4A
presents that the current needed for full blocking decreases from 9 to 5 pA using ISM. We got an average
decrease of 38% in full blocking current for three experiments. We obtained full blocking ranging from 5 to
60 pA in sciatic nerve of the frog in our experiments; however, in literature, 0.15-3.0 mA blocking current
was used in sciatic nerve of the rat (Vrabec et al., 2015). Also when we turned off the blocking electrode, con-
tractile force returned back to similar values before blocking current application as can be seen from Fig-
ure 4A. Therefore we can conclude that we achieved reversible blocking and hence had control on blocking.
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We performed a control experiment to prove that the decrement in the blocking current results from the
Ca®* ion depletion around the nerve. For this purpose, we used the Ca®* ionophore lacking PVC-coated
electrode. As shown in Figure 4B, the current needed for full blocking is very similar in the PVC-coated
and the bare electrodes, whereas there is a significant decrease in the ISM-coated electrode. These re-
sults show that Ca2* ion depletion around the nerve is responsible in the decrease of blocking current.

Electrical methods cannot be used to block the nerve in chronic clinical applications as they can damage
the nerve (Whitwam and Kidd, 1975; Ravid and Prochazka, 2014). EIM uses lower blocking currents, hence
does not cause nerve damage. Therefore, EIM has potential to take place in treatment procedure of several
disorders caused by uncontrolled neural firing rates, such as chronic pain and epilepsy (Fridman and Della
Santina, 2013).

In addition to decreasing the blocking current, we also explored the level of control on blocking using ISM.
We studied the relationship between the contractile force of the gastrocnemius muscle and the magnitude of
the blocking DC current and obtained the graph shown in Figure 4C. When we use bare electrode, we
observe a very sharp decline in the contractile force of the muscle, hence limited control was achieved on par-
tial blockage. However, with ISM-coated electrode, we observe a smooth decline in the contractile force until
obtaining full blocking. These results demonstrate that we manage the blocking process in a well-controlled
manner with ISM and achieve graded blocking. Graded blocking can be used in peripheral nerves to achieve
voluntary movements in hypertonic conditions resulting from stroke (Bhadra and Chae, 2009).

Graded nerve blocking is related to selective blocking of axons. It is known that the velocity of the signal
propagation is faster in large axons: the smaller the twitch width, the larger the axons that are activated,
and vice versa. Hence, blocking large axons results in small decrease in compound twitch width. As can
be seen in Figure 4D, because the large axons get blocked first, we first observe a small decrease from
the compound twitch width. However, as we increase the blocking DC current, due to blockage of the small
axons, we obtain full blocking. Therefore, we first block large axons and then small axons using ISM. There
is, however, a sharp decrease in the twitch width with the bare electrode, because both the large and the
small axons in the sciatic nerve are blocked simultaneously. Hence, we achieve selective blocking using
ISM-coated electrode.

EIM with Ca?* lon Enhancement

The stimulation and blockage results given in Figures 2 and 4 show the usage of EIM for in vivo and
real-time Ca®* ion depletion. Through this modulation, we obtain a more excitable neural membrane envi-
ronment; hence we increase the V,,, of the nerve, which enables us to stimulate and block the signal prop-
agation on the axon more easily in a more controlled way. Taking this control one step further, we aimed to
decrease V., by creating a more resistant neural membrane environment. For this purpose, we designed a
new experiment to increase the Ca®* ion concentration around the sciatic nerve. Figure 5 shows the oper-
ating principle and experimental results of EIM for the Ca®* enhancement around the nerve. Figure 5A (left)
demonstrates the operating principle of the device for Ca?* enhancement where we coat ISMs on the both
sides of the electrode and then load Ca®* ions to ISMs. Ca?* ion loading procedure can be seen in the
Transparent Methods section. To measure the stimulation threshold, we placed the sciatic nerve on the
bare side of the flexible electrode. Similar to the stimulation experiments with Ca* ion depletion, we
applied the pulsed DC current in (+/-/+) configuration and recorded the stimulation threshold value. For
comparison, we placed the nerve on the Ca?*-loaded ISM-coated side of the electrode and repeated
the same procedures. Figure 5A (right) demonstrates that positively polarized ISMs repel the positively
charged Ca®" ions into the sciatic nerve, thus enhancing the Ca®* ion concentration around the nerve. Fig-
ure 5B illustrates that stimulation threshold was increased from 110 to 145 mV by using ISM-coated elec-
trode. We obtained stimulation threshold ranging from 145 to 170 mV with Ca®* enhancement using
ISM and obtained an average increase of 45% in the stimulation threshold for three experiments. These re-
sults demonstrate that by enhancing Ca’* ion concentration around the nerve, we decrease the V,,, obtain
more resistant membrane environment, and increase the stimulation threshold.

To show that the stimulation threshold increment results from the Ca®" ion enhancement around the nerve,
we performed control experiments using PVC-coated electrode. PVC-coated electrode is not capable of
keeping the Ca®* ions due to absence of the Ca®* ionophore; hence we do not expect Ca?* ion concen-
tration enhancement around the nerve. We stimulated the sciatic nerve and recorded the thresholds
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Figure 5. Operating Principle of EIM and Results of Stimulation Experiments with Ca?* lon Enhancement

(A) Operating principle of EIM with Ca®* ion enhancement. Schematic drawing of the flexible stimulating electrode and the operating principle of the device
(left); cross section of sciatic nerve and flexible stimulating electrode to demonstrate the operating principle of ion selective membrane (ISM) (right).

(B) Stimulation experiment results for bare electrode and ISM-coated electrode. Stimulation threshold is increased from 110 to 145 mV by using ISM-coated
electrode.

(C) Comparison of stimulation threshold values for bare electrode, PVC-coated electrode, and ISM-coated electrode (n = 3). The values are normalized with
respect to bare electrode. The stimulation thresholds are nearly the same for PVC-coated and bare electrodes; however, there is 45% increase for ISM-
coated electrode. Vg = 30 mV—230 mV in 5-mV step (stimulus), t, = T ms (pulse width), f= 1 Hz (pulse frequency), n.s., not significant, ***p < 0.001, error bars
represent 2 SD.

(D) Comparison of stimulation threshold values for bare electrode, ISM-coated electrode with Ca’"ion depletion, and ISM-coated electrode with Ca’*ion
enhancement (n = 3). The values are normalized with respect to bare electrode. There is 22% decrease in stimulation threshold using ISM-coated electrode
with Ca* ion depletion and 45% increase using ISM-coated electrode with Ca?* ion enhancement. By depleting or enhancing Ca®* ions around the nerve,
we can either decrease or increase stimulation threshold. V; = 60 mV — 170 mV in 2-mV step (stimulus), t, = 1 ms (pulse width), f= 1 Hz (pulse frequency), n.s.,
not significant, ***p < 0.001, error bars represent 2 SD.

with bare and PVC-coated electrodes. The results shown in the Figure 5C are consistent with our
hypothesis: the stimulation thresholds are nearly the same in the PVC-coated and bare electrodes;
however, there is an average increase of 45% in the stimulation threshold of ISM-coated electrode. There-
fore, increment in stimulation threshold by using ISM-coated electrode results from the Ca?* enhancement
around the nerve.

We performed Ca?* imaging experiments as further control experiments to prove Ca?" ion repulsion using
ISM. We reversed the polarity of the experiment demonstrated in Figure S4B, where the Ca®* ion bound
with Fluo-4 AM dye, and applied 10pA current for 80 s. The positively charged ISM pushes the positively
charged Ca®" ions. Therefore, Ca®* ion concentration is decreased. As a result, Fluo-4 AM emission is
decreased as shown in Figure S4C. The Fluo-4 AM fluorescence intensity is also decreased as depicted
in Figure S4D (right). We also calculated the Ca®* ion concentration decrease using the measured fluores-
cence intensity. The Ca®* ion concentration decreased from 715 to 37.96 nM after 10 pA current application
for 80's. This experiment demonstrates that we repulsed Ca®" ions using ISM. The Ca®* ion repulsion exper-
iment results are demonstrated in Video S2.

Stimulation experiment results of EIM for Ca®* ion depletion and enhancement are shown in Figure 5D.
When we deplete Ca®" ions around the nerve, we increase the V,, and hence decrease the threshold for
stimulation. In contrast, when we enhance Ca?* ions around the nerve, we decrease the V,,, and therefore
increase the threshold for stimulation. Thus we can totally control the V., with EIM.
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Neuromodulation Methods

Electrical Chemical Electrochemical

Properties Real time I X X

Real-life applicability - v X

Selective stimulation/ X X X

blocking of large/small

axons

Stimulation of single neuron X X X

Latency (delay) X 7 P

Side effects X v X

High-power consumption I X X

High temporal resolution v X X

Table 1. Properties of Neuromodulation Methods

DISCUSSION

Comparison of EIM with other neuromodulation methods reveals that electrical methods, optogenetics,
and EIM have the capability of working in real time, but chemical and electrochemical methods do not
have this capability because they work with latency. Electrical methods, chemical methods, and EIM
have the potential to be used in real-life applications. However; electrochemical methods work with delay
in every single usage; optogenetics genetically alters the neurons and exhibits side effects. Hence, electro-
chemical methods and optogenetics are not suitable for daily-life applications. Even though chemical
methods have the capability of being used in real-life applications, they work with latency and exhibit
side effects, which cause termination of the treatment. Electrical methods, optogenetics, and EIM exhibit
high temporal resolution. On the other hand, electrical methods cause high power consumption, which is
not desirable for the nerve and the patient. EIM is the only method capable of achieving selective stimu-
lation and blocking of large and small axons. Thus, it provides improved stimulation or blocking resolution
and more accurate force control. Optogenetics is capable of stimulation of single neuron. By considering
all the features mentioned above, it can be said that EIM and optogenetics present the best neuromodu-
lation properties. However, because optogenetics is not suitable for daily-life applications, EIM is superior
to optogenetics. Therefore, EIM is the most superior neuromodulation method for real-life applications
among all these techniques. Properties of the neuromodulation methods are listed in Table 1.

In addition to the differences demonstrated in Table 1, another fundamental novelty of EIM is its working
principle. Electrical methods apply AC and perform just electrical modulation, chemical methods utilize
pharmacological agents for chemical modulation, and optogenetics executes chemical modulation via
light. Electrochemical methods separate electrical and chemical modulation. These methods apply DC
for chemical modulation and AC for electrical modulation. EIM does not separate electrical and chemical
modulation. EIM applies pulsed DC and performs electrical and chemical modulation at the same time. In
addition to the working principle, EIM also exhibits properties that the other neuromodulation methods do
not demonstrate. Electrochemical methods only presented ion concentration depletion. EIM is the only
method that demonstrated ion concentration depletion and enhancement around the nerve practically.

In conclusion, we developed a technique, EIM, where we used an interface to both deplete and enhance
the Ca®* ion concentration around the sciatic nerve in vivo in real time and changed the excitability of the
neural membrane environment using flexible electrodes. We achieved better control over V,, compared
with electrical stimulation and hence decreased the current needed for stimulating or blocking the nerve.
Thus, we obtained more precise force control and better selectivity; thereby EIM could open new avenues
in the field of neuromodulation. The discovery of Hodgkin and Huxley (Hodgkin and Huxley, 1952) action
potential is a result of the ion concentration change around the nerve and has not been directly applied to
daily life due to lack of technology. By utilizing their discovery, EIM has the potential to be a paradigm-
shifting method for treatment of neurological disorders. EIM may be used in the development of
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neuroprosthetic devices for paralysis (Ho et al., 2014), deep brain stimulation for Parkinson disease (De
Hemptinne et al., 2015), stimulating devices for inducing nerve regeneration (van den Brand et al., 2012),
and inhibition of nerve activation for migraine (Akerman et al., 2006) and may also play a role in therapy
of other neurological disorders. If one achieves the use of EIM in other parts of the nervous system, such
as in the brain, holistic control over the motion, sensation, and behavior can be obtained.

Limitations of the Study

In this work, we demonstrated a neuromodulation method, EIM, which is the most superior neuromodula-
tion method for real-life applications. We performed in vivo experiments, but we did not observe EIM
experiment subjects for months. Future studies should be focused on long-term observations to prepare
EIM method for clinical research.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND CODE AVAILABILITY

Data generated in this study will be provided upon reasonable request to the lead contact, Rohat Melik
(rmelik@etu.edu.tr).

LabVIEW was accessed at http://www.ni.com/sv-se/shop/labview.html (identifier: RRID:SCR_014325); Origin at
https://www.originlab.com; and LabScribe at https://www.iworx.com/research/software/labscribe/.
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Figure S1. Related to Figure 1. Stimulation experiments with conventional cable, planar
electrode and flexible electrode

Stimulation experiment results for (A) conventional cable with 80 mV threshold, (B) planar
electrode with 46 mV threshold, (C) flexible electrode with 34 mV threshold. (D) Comparison of
stimulation threshold values for conventional cable, planar electrode and flexible electrode
(n=3). The values are normalized with respect to conventional cable. Vs = 25 mV—240 mV in

2 mV step (stimulus), tp = 1 ms (pulse width), f = 1 Hz (pulse frequency), ***p<0.001, error bars
represent 2 s.d.
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Figure S2. Related to Figure 2. Stimulation experiments with in-vivo manual ion
injections

Comparison of stimulation threshold values for 10 mM PO4%, 20 mM Ca?*, 175 mM Na*, and
30 mM K* manual ion injections into the sciatic nerve (n=3). We used PO4* ion in order to
observe the effect of the Ca?* ion depletion. The values are normalized with respect to before
ion injection case. Vs = 16 mV—190 mV in 2 mV step (stimulus), t, = 1 ms (pulse width), f=1
Hz (pulse frequency), ***p<0.001, error bars represent 2 s.d.
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Figure S3. Related to Figure 2. The mechanism for the effect of Ca? ion on nerve
stimulation

(A) Ca?* ion closes the voltage-gated Na* channel (Armstrong and Cota, 1999). (B) When we
apply stimulation current using ISM, we deplete Ca?* ions around the nerve, (C) the voltage-
gated Na* channel is opened and Na*ions enter voltage-gated Na* channel (Kandel et al.,
2013).
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Figure S4. Related to Figure 2. The control experiments for Ca?* ion modulation using
ISM

(A) The schematic diagram of our experimental setup for Ca2* imaging for Ca2* ion attraction.
(B) Ca?* imaging for Ca?* ion attraction. The left picture is before current application, the middle
picture is after 10 yA current application for 30 seconds, the right picture is after 10 pA current
application for 65 seconds. Ca?* ions are attracted with current application. The red line is drawn
in the right picture to indicate the fluorescence intensity calculation area, which is applied to all
the pictures of Ca?*ion attraction experiment. (C) Ca?* imaging for Ca?* ion repulsion. The left
picture is before current application, the middle picture is after 10 yA current application for 45
seconds, the right picture is after 10 yA current application for 80 seconds. Ca2* ions are
repulsed with current application. The red line is drawn in the left picture to indicate the
fluorescence intensity calculation area, which is applied to all the pictures of Ca2*ion repulsion
experiment. (D) Fluorescence intensity change in time for Ca?* imaging. The left graph is for
Ca?* ion attraction, the right graph is for Ca2* ion repulsion. (E) Confocal imaging of the sciatic
nerve of a frog. The left image is before current application and the right image is after 20pA
current application for 1 minute. The fluorescence intensity of the Fluo-4 AM (Ca2* Reporter
Dye) in the sciatic nerve is decreased after current application. Therefore, Ca?* ions are
depleted from sciatic nerve.
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Figure S5. Related to Figure 2. The Ca?* ion selectivity of our device

(A) The schematic diagram of our experimental setup to test the Ca?* ion selectivity of our
device using different concentrations of Ca?* solution. (B) The schematic diagram of our
experimental setup with different concentrations of NaCl solution. (C) Resistance
measurements with different concentrations of Ca?* and NaCl solutions. 232mM, 23.2mM,
2.32mM, 0.232mM Ca?* and NacCl solutions are used in the amount of 4 yL (X and Y axes are
in log scale).
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Figure S6. Related to Figure 1. Blocking experiments with conventional cable, planar
electrode and flexible electrode

Blocking experiment results for (A) conventional cable with 150 pA full blocking current, (B)
planar electrode with 60 pA full blocking current, (C) flexible electrode with 15 pA full blocking
current. (D) Comparison of blocking current values for conventional cable, planar electrode and
flexible electrode (n=3). The values are normalized with respect to conventional cable. Vs = 100
mV (stimulus), I =1 pA — 100 pA in 0.1 pA step (DC blocking), tp = 1 ms (pulse width), f=1
Hz (pulse frequency), ***p<0.001, error bars represent 2 s.d.
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Figure S7. Related to Figure 4. The mechanism for the effect of Ca? ion on nerve

blocking

(A) Ca?* ions prevent Na* ion passage by blocking voltage-gated Na* channels (Armstrong and
Cota, 1999). (B) When we apply DC current using ISM, we deplete the Ca?* ions around the
nerve, (C) which lets Na* ions to pass more easily through the channel (Kandel et al., 2013).
(D) When we apply prolonged DC current, inactivation gate is closed that leads to blockage of

Na* transportation and signal propagation along the axon (Kandel et al., 2013).



Transparent Methods

1. Animals

Adult male frogs (Rana Ridibunda) weighing between 100-150 grams were acquired for in-vivo
experiments. 73 sciatic nerves were used for the experiments. Since we used the same sciatic
nerve for a single experimental set to compare different cases, we dealt with relative values.
Therefore, sex of the subjects does not have any influence on our experiment results. All
experimental procedures were performed according to the protocol approved by Dicle
University Health Sciences Research and Application Centre (DUSAM) (2016/23).

2. Surgical preparation

The anesthetizing solution was prepared by mixing 0.3-0.5 mL of ketamine (Ketalar®) and 0.4-
0.6 mL of serum physiologic isotonic solution. Each frog was sedated with varying doses of
ketamine, proportional to its size, injected into its thigh muscles for about 30-60 minutes.
Thereafter, dissection procedure was applied on the contralateral leg. Firstly, the skin of leg
was totally removed. Then, the sciatic nerve was found and liberated from the surrounding
tissues so that the flexible electrode can be placed underneath it. Thereafter, distal part of the
gastrocnemius muscle was dissected and a ligature around the Achilles tendon was tied in
order to measure the contractile force. This protocol was approved by Dicle University Health
Sciences Research and Application Centre (DUSAM) (2016/23).

3. Fabrication of electrode

The electrodes were fabricated through standard lithography techniques and thermal
evaporation steps. Briefly, the electrode was patterned by photolithography with positive
photoresist (MicroChemicals AZ5214E) on a substrate. We taped kapton tape, which has high
temperature resistance as a substrate (Melik et al., 2009), on glass slide. 15 nm Cr / 185 nm
Au was deposited on kapton tape via thermal evaporation and lifted-off in acetone. The kapton
tape was removed from the glass after lift-off.

4. Preparation of ion selective membranes

Preparation of ion selective membrane was described in many studies (Guenat et al., 2005;
Guenat et al., 2006). We optimized the component ratios to obtain maximum performance for
our usage. lon selective membrane was produced by dissolving ion selective cocktail in
cyclohexanone. The ion selective membrane cocktail was prepared with the following
components: 15.1 wt.% ionophore (ETH 129 for Ca?*), 15.3 wt.% sodium tetraphenylborate,
58.7 wt.% 2-nitrophenyl octyl ether, 10.9 wt.% poly(vinyl chloride) high molecular weight (all
Selectophore, Fluka Sigma Aldrich). The ion selective cocktail (333 mg) was dissolved in 0.4
ml cyclohexanone. Then ion selective membrane was coated on previously fabricated
electrodes.

5. Fabrication of polydimethyl siloxane (PDMS) channel

We used PDMS microchannels with a depth of 100 um, a thickness of 1 mm and a length of 9
mm. The mold was fabricated on a 4 inch silicon wafer. First, SU-8 2005 was coated followed
by spin coating of SU-8 2050 to a thickness of 50 ym. Subsequently, the wafer is exposed to
ultraviolet light. After development in acetone, the mold was obtained. For obtaining the
channel, PDMS was mixed at a ratio of 10:1 base polymer and curing agent, well mixed,
degassed and poured onto the mold. After curing at 70°C overnight, the microchannel was
obtained. The PDMS channels were placed on the electrode under a microscope for selective
coating of ISM on the electrodes and seals itself with the weight of the channel. ISM cocktail
was injected into the channel manually using a syringe. The thickness of the ISM layer is 100
pm.

6. Manual ion injections

We injected PO4% ion in order to observe the effect of the Ca?* ion depletion, as it precipitates
the Ca?* ions (Lodish et al., 2003) and decreases the free Ca?* ion concentration without
changing the Na* and K* concentration in the environment. Since there is no known compound
that selectively precipitates Na* or K* ions (Lodish et al., 2003), we could not observe the effect
of depletion of these ions. We adjusted the ion concentrations based on the reported literature
(Patnaik, 2004) and optimizations in our experiments with frogs.



7. Confocal Imaging

The confocal images for the proof of the depletion of the Ca2* ions from the nerve using ISM
were taken with Zeiss confocal microscope (LSM 710) from the sciatic nerve of a frog. We
dissected the sciatic nerve for these experiments and washed the nerve for two hours in Fluo-
4 AM dye solution (Ca?* Reporter Dye) before the observation in confocal microscope. To
prepare the solution, we dissolved 50 ug Fluo-4 AM in 30 pL methanol and added 500 pL
Ringer’s solution to this mixture. By this way, we obtained the stock solution. Afterwards, we
added 465 uL Ringer’s solution to 35uL of the stock solution and obtained 500 yL Fluo-4 AM
dye solution, which has 6 yM Fluo-4 AM concentration. We coated the middle-leg of the ITO
electrode with ISM for the experiments. Subsequently, we put the sciatic nerve, washed in Fluo-
4 AM dye solution, over the electrodes. We placed the electrodes to confocal microscope and
applied 20 pA current for 1 minute with (+ - +) polarity order. We observed the fluorescence
intensity of the Fluo-4 AM dye solution (Ca?* Reporter Dye) in the sciatic nerve.

8. Ca?* Imaging

We used Zeiss Axio Vert.Al inverted fluorescence microscope for Ca?* imaging experiments.
We used planar electrodes with glass substrate for Ca?* ion attraction and repulsion
experiments. For Ca?* ion attraction experiments, we coated ISM on the opposed tips of anode
and cathode of the electrode. We applied 2 uL Fluo-4 AM stock solution (which is used in
confocal imaging experiments) next to the ISM layer on cathode. We also applied 1 pL of
232mM Ca?* solution next to the ISM layer on anode. Afterwards, we applied 10 YA current for
65 seconds to the Ca?* loaded anode and observed increase in Fluo-4 AM emission on
cathode. Subsequently, we made Ca?* ion repulsion experiments. We reversed the polarity of
the current application for the same electrode loaded with Ca?* ions in CaZ* ion attraction
experiments. We applied 10 pA for 80 seconds and observed decrease in Fluo-4 AM emission.

We used the formula below to calculate Ca?* ion concentration (Non-ratiometric methods):
[Ca2+] =Kqg - (F - Fmin)/(Fmax-F)

The variables of the formula are:

Ka: The dissociation constant.

F: The observed fluorescence of our sample.

Fmin: The lowest fluorescent value at fixed experimental conditions.

Fmax: The highest fluorescent value at the same experimental conditions.

We used Kq as 335 nM (Fluo-4, AM, cell permeant).

9. Ca?"lon Selectivity Test

The cathode of the planar electrode with glass substrate is coated with ISM as demonstrated
in Figure S5A. The anode is covered by Ca?* solution. Ca?* solution touches the ISM between
the anode and cathode and completes the circuit. Therefore, when the current is applied the
Ca?* ions goes from anode to cathode and accumulate in ISM. The resistance of our
experimental setup is measured with different concentrations of Ca?* solution. The same
experiment is also performed with the experimental setup presented in Figure S5B, this time
we used different concentrations of NaCl solution instead of using different concentrations of
Ca?* solution. The resistance of our experimental setup is measured with different
concentrations of NaCl solution.

10. Ca?* ion loading

We put commercially available Ca?* solution (232 mM Ca?* solution) against the ISMs on the
opposite electrode in Figure 5A. Then, we polarize ISM-coated poles as negative, and Ca?*
solution-coated poles as positive and apply 1 pA current for three minutes. Negatively polarized
ISMs attract the Ca?* ions from the Ca?* solution so that Ca?* ions are loaded into the ISMs.
Then, we clean the Ca?* solutions and perform the in-vivo experiments.
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